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The ionome is deﬁned as the elemental composition of a subcellular structure,
cell, tissue, organ or organism. The subset of the ionome comprising mineral
nutrients is termed the functional ionome. A ‘standard functional ionome’
of leaves of an ‘average’ angiosperm, deﬁned as the nutrient composition
of leaves when growth is not limited by mineral nutrients, is presented and
can be used to compare the effects of environment and genetics on plant
nutrition. The leaf ionome of a plant is inﬂuenced by interactions between
its environment and genetics. Examples of the effects of the environment on
the leaf ionome are presented and the consequences of nutrient deﬁciencies
on the leaf ionome are described. The physiological reasons for (1) allometric
relationships between leaf nitrogen and phosphorus concentrations and (2)
linear relationships between leaf calcium and magnesium concentrations are
explained. It is noted that strong phylogenetic effects on the mineral compo-
sition of leaves of angiosperm species are observed even when sampled from
diverse environments. The evolutionary origins of traits including (1) the small
calcium concentrations of Poales leaves, (2) the large magnesium concentra-
tions of Caryophyllales leaves and (3) the large sulphur concentrations of Bras-
sicales leaves are traced using phylogenetic relationships among angiosperm
orders, families and genera. The rare evolution of hyperaccumulation of toxic
elements in leaves of angiosperms is also described. Consequences of vari-
ation in the leaf ionome for ecology, mineral cycling in the environment,
strategies for phytoremediation of contaminated land, sustainable agriculture
and the nutrition of livestock and humans are discussed.
Introduction
The ionome is deﬁned as the elemental composition of
a subcellular structure, cell, tissue, organ or organism
(Salt et al. 2008, White and Brown 2010). It includes all
mineral elements, whether essential or non-essential for
life, in whatever chemical form they occur. The ionome
is inﬂuenced by both genetic and environmental factors.
Abbreviations – DM, dry matter; NFT, Nutrient Film Technique.
The ionome of a particular plant, organ, tissue, cell or
subcellular structure is affected by the phytoavailability
of elements in the environment, transport processes
into and within the plant, plant metabolism and the
requirements of speciﬁc extracellular and intracellu-
lar structures (White and Brown 2010, Baxter 2015).
The ionome differs between plant species growing in
the same environment (Broadley et al. 2004, White
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et al. 2012b, Watanabe et al. 2016), organs, tissues and
cells of an individual plant (Sorreano 2006, Cakmak
et al. 2010, Conn and Gilliham 2010, Subramanian
et al. 2011, Baxter et al. 2012, Eggert and von Wirén
2013, Zhao et al. 2014, He et al. 2016, Persson et al.
2016, Thomas et al. 2016, Watanabe et al. 2016, de
la Fuente et al. 2017, White and Pongrac 2017) and
extracellular and intracellular compartments (Sterner
and Elser 2002, Hawkesford et al. 2012, Broadley et al.
2012a, 2012b, White et al. 2018). Ultimately, differ-
ences in the ionomes of plants growing under identical
conditions reﬂect differences in their genomes and
gene expression that have evolved through mutation
and the selection of adapted phenotypes. Variation in
the ionome of plant species, and among genotypes of
plant species, has profound consequences for ecology,
mineral cycling in the environment, strategies for the
phytoremediation of contaminated land, sustainable
agriculture and the nutrition of livestock and humans.
Variation in the optimal ionome of individual plants
has consequences for ecological strategies and species
survival. Since the optimal ionome for the growth and
fecundity of a plant is related to (1) its requirements for
mineral nutrients, (2) its retention of mineral nutrients,
(3) its tolerance to non-essential elements and (4) the
availability of these elements in its environment, genetic
effects on the optimal ionome can inﬂuence responses
of plant communities to environmental change (Willby
et al. 2001, Crawley et al. 2005, Semelova et al. 2008,
Elser et al. 2010, Hejcman et al. 2010, 2014, Grime and
Pierce 2012, Hayes et al. 2014, Sardans et al. 2015, Kidd
et al. 2017). Aspects of the shoot ionome are correlated
with various ecological traits, including leaf mass per
unit area, stress-tolerance, photosynthetic metabolism,
monopolisation of resources and relative growth rates
(Thompson et al. 1997, Grime 2001, Sterner and Elser
2002, Fyllas et al. 2009, Saslis-Lagoudakis et al. 2014,
Viani et al. 2014, Carnicer et al. 2015). The ability (1) to
exclude potentially toxic elements from the plant or to
sequester them in specialised cell types or subcellular
compartments to avoid toxicity, and (2) to accumulate
ions that form salts of low solubility in different cell types
or cellular compartments, allows plants to grow on hos-
tile soils or soils with imbalanced nutrient availability
(Conn and Gilliham 2010, Flowers et al. 2015, White
2016a, Lange et al. 2017, Schiavon and Pilon-Smits
2017, White and Pongrac 2017). In addition, the ability
to accumulate large concentrations of potentially toxic
elements can provide a deterrent to pathogens and herbi-
vores, and confer allelopathy (Schiavon and Pilon-Smits
2017, White and Pongrac 2017). Knowledge of the
plant species or genotypes of a species that accumulate
potentially toxic elements (Dhillon and Bañuelos 2017,
White and Pongrac 2017) or radionuclides (White et al.
2003, Willey 2014, Penrose et al. 2016) can inform con-
taminant transfer models (Beresford et al. 2004, Willey
2014) and the choice of species for use or phytoremedi-
ation of contaminated land (Reeves 2006, Rozema and
Schat 2013, Willey 2014, Dhillon and Bañuelos 2017,
Lange et al. 2017, White and Pongrac 2017).
Phylogenetic variation in the optimal ionome among
plant species inﬂuences the accumulation of mineral ele-
ments from soils, their distribution between plant tissues,
and their cycling in the soil-plant-herbivore-environment
continuum (White et al. 2013b). This has consequences
for optimising agricultural systems, e.g. in the return of
mineral elements from crop remains to soil (Defra 2010),
designing intercropping and rotations that optimise fer-
tiliser applications (Brooker et al. 2015), and producing
nutritionally balanced food, feed and forage (White and
Broadley 2009, Watson et al. 2012, White 2016b). Crop
production is often restricted by insufﬁcient nitrogen (N),
phosphorus (P) and potassium (K) supply (Fageria et al.
2011, Mueller et al. 2012), and by adverse soil condi-
tions, such as acidity and alkalinity, salinity, sodicity, soil
compaction and water availability that affect the phy-
toavailability of mineral nutrients (White et al. 2013a,
2013b, Jin et al. 2017). Genetic variation between and
within plant species in their nutrient requirements can
be exploited to develop crops for adverse soil condi-
tions and restricted nutrient availability (Fageria et al.
2011, Veneklaas et al. 2012, Yang et al. 2012, White
et al. 2012a, White 2013). Differences in the mineral
composition of plant species, which are the foundation
of food chains, and tissues within plants also have impor-
tant consequences for the diets of herbivores and omni-
vores (White and Broadley 2009, Watson et al. 2012,
Schonewille 2013, White et al. 2013b, White 2016b)
and affect their development, health and fecundity. Vari-
ation in the ionome of plants, which inﬂuences the min-
eral composition of forage, feed and food, will affect
the ecology of natural communities and the health of
farmed animals and humans. Ill heath in livestock can
often result from insufﬁcient or imbalanced K, sodium
(Na), calcium (Ca), magnesium (Mg), P, selenium (Se) or
iodine (I) intakes, and managing the species composi-
tion and forage quality of grasslands and the develop-
ment of plants with better mineral composition for forage
and feed are high on the agenda (White and Broadley
2009, Watson et al. 2012, Knowles and Grace 2013,
Dove et al. 2016). In parallel, since most mineral nutri-
ents in human diets are provided either directly or indi-
rectly by edible plants, variation in the mineral composi-
tion of edible produce is of considerable importance for
human nutrition (White and Broadley 2009, Saltzman
et al. 2013, White et al. 2013b, White 2016b). Thus,
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agronomic strategies, such as the use of fertilisers and
soil amendments, in combination with efforts to identify
crops and breed cultivars with greater mineral densities
in their edible portions are being actively pursued (White
and Broadley 2009, Saltzman et al. 2013, White 2016b).
In this article, environmental and phylogenetic
effects on mineral composition of ﬂowering plants
(angiosperms) will be illustrated using the ionome of
leaves. The concept of a ‘functional ionome’, comprising
only the essential mineral nutrients for plant growth, will
be introduced, the effects of the soil environment on the
ionome of leaves will be described, and the evolution of
particular ionomic traits will be presented.
The functional ionome
The functional ionome comprises the 14 mineral nutri-
ents required by plants: N, P, K, Ca, Mg, sulphur (S),
chlorine (Cl), boron (B), iron (Fe), manganese (Mn), cop-
per (Cu), zinc (Zn), nickel (Ni) and molybdenum (Mo).
Each of these elements has unique functions and, con-
sequently, cannot be replaced by any other element
(Hawkesford et al. 2012, Broadley et al. 2012a, Grusak
et al. 2016).
A ‘standard functional ionome’ of leaves of
angiosperms can be deﬁned as their nutrient com-
position when plant growth is not limited by mineral
nutrients. This standard functional leaf ionome can
be determined from surveys of the leaf ionomes of a
representative selection of angiosperms grown under
nutrient-replete conditions. This might be achieved by
sampling species from their natural habitats (Reich and
Oleksyn 2004, Watanabe et al. 2007, Fyllas et al. 2009,
Zhang et al. 2012, White et al. 2012b, Cornwell et al.
2014, Hao et al. 2014, Hayes et al. 2014, Sardans et al.
2015, He et al. 2016, Verboom et al. 2017) or by grow-
ing species in controlled environments (Broadley et al.
2003, 2004, White et al. 2007, 2017). Each of these
approaches offers advantages and disadvantages. It is
almost certain that plant species are adapted to obtain
their nutrient requirements from the environments in
which they grow (White et al. 2013a, 2013b, Hayes
et al. 2014, Lambers et al. 2015, Oliveira et al. 2015,
Verboom et al. 2017, White and Pongrac 2017). Sam-
pling plants from their natural habitats allows the effects
of adaptive traits on the leaf ionome to be expressed
and interactions with native biota to exist, but the effects
of the environment on both plant growth and on the
absolute and relative phytoavailability of mineral ele-
ments are maximised. In addition, the requirement that
growth should not be limited by mineral nutrition is
often compromised when plants are sampled from the
natural environment (Ostertag and DiManno 2016).
Growing plants under controlled conditions reduces
environmental effects but the choice of experimental
system, substrate and nutrient supply is challenging. The
growth of plants specialised to particular environments
can be compromised due to lack or excess of mineral
elements. For example, the P supply required for optimal
growth of most plants can be toxic to plants adapted to
soils with low P phytoavailability, such as the Proteaceae
(Lambers et al. 2015), calcicole and calcifuge species
require markedly different Ca supply for optimal growth
(White and Broadley 2003), the growth of plants that
hyperaccumulate nutrients is often reduced when they
are supplied in amounts that are sufﬁcient for most other
plants (White and Pongrac 2017), and the maximal
growth of euhalophyte species requires a Na supply that
inhibits the growth of other plant species (Greenway
and Munns 1980, White et al. 2017). Growing plants
in a standard soil or potting medium allows naturalistic
interactions between roots and soil to be expressed,
such as the exudation of organic compounds including
phytosiderophores and carboxylates, acidiﬁcation of
the rhizosphere and formation of rhizosheaths, but
can also constrain these interactions by inﬂuencing
root-soil interactions and the phytoavailability of nutri-
ents and toxic elements (Delhaize et al. 2012, White
2012, Oliveira et al. 2015, Brown et al. 2017) and pro-
mote interactions with a predetermined community of
microorganisms. Growing plants hydroponically allows
the phytoavailability of nutrients to be controlled, but
restricts the expression of physico-chemical interactions
between the root and rhizosphere and the composition
of the nutrient solution (and plant species) must be cho-
sen wisely to ensure that plant growth is not constrained
by nutrient supply.
In principle, species used to deﬁne the standard func-
tional leaf ionome should be selected randomly, pro
rata to the phylogenetic distribution of all angiosperm
species (Broadley et al. 2003). However, this is often not
possible in practice because (1) plants must be grown
under the same conditions, and some plants might not
germinate or survive these conditions, which compro-
mises random selection, and (2) some orders contain
few species, which necessitates growing an impossibly
large number of species to achieve pro rata sampling.
However, it has been observed that unbalanced data gen-
erally yield comparable information to phylogenetically
balanced experiments (Broadley et al. 2003, White et al.
2012b).
Data for the functional ionomes of leaves of 334
angiosperm species representing 79 families and 35
orders (Table S1) were obtained from the six glasshouse
experiments described by White et al. (2017), which
incorporated the studies of Broadley et al. (2004) and
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White et al. (2007, 2015). In these experiments plants
were grown hydroponically using the Nutrient Film
Technique (NFT) described by Broadley et al. (2003).
The composition of the nutrient solution was 2 mM
Ca(NO3)2, 2 mM NH4NO3, 0.75mM MgSO4, 0.5 mM
KOH, 0.25mM KH2PO4, 0.1 mM FeNaEDTA, 30 μM
H3BO3, 25 μM CaCl2, 10 μM MnSO4, 3 μM CuSO4,
1 μM ZnSO4 and 0.5 μM Na2MoO4, adjusted to pH 6
with H2SO4. Seedlings were harvested during the expo-
nential growth phase, 18–73 days after transfer to the
hydroponic system, depending on the plant growth rate,
and mineral concentrations in leaves were determined
using standard analytical techniques (White et al. 2017).
The standard functional leaf ionome was calculated
from these data as the weighted (by number of species
in an order) mean of the average leaf ionome of the
angiosperm orders sampled. The number of species in
each order was obtained from the Angiosperm Phy-
logeny website (Stevens 2001). The leaf ionome of a
particular species was calculated as the mean value for
each mineral nutrient across all experiments in which
the species was grown. The average leaf ionome of a
plant order was calculated as the mean value for each
mineral nutrient of the species sampled in that order
across all six experiments. The value of each element
in the standard functional leaf ionome was calculated
as the sum, for all the orders sampled, of its value in
the average leaf ionome of an order multiplied by the
number of species in that order, divided by the sum
of the number of species in all orders sampled. The
standard functional leaf ionome comprised (mg g−1 leaf
dry matter): 50.4 N, 39.7 K, 39.4 organic N, 13.6 Ca,
7.22 P, 4.24 Cl, 3.92 S, 3.61 Mg, 1.26 Na, 0.181 Mn,
0.144 Fe, 0.0745 Zn, 0.0412 B, 0.0141 Cu, 0.0014
Ni. This can be compared with the simple mean of the
angiosperm orders sampled (the value for each order
being calculated as the mean of the species within that
order, Table S1) which comprised (mg g−1 leaf dry matter,
mean± SE, n orders): 51.3± 2.03 (n=28) N, 36.3± 2.63
(n= 35) K, 38.0±1.83 (n=32) organic N, 15.4± 1.92
(n= 35) Ca, 6.88±0.35 (n=35) P, 5.28± 0.52 (n= 17)
Cl, 5.08± 0.40 (n=20) S, 3.83± 0.20 (n= 35) Mg,
1.12± 0.17 (n= 35) Na, 0.233± 0.037 (n= 32) Mn,
0.171± 0.013 (n=24) Fe, 0.0176± 0.0019 (n=22) Cu,
0.1032±0.0123 (n= 24) Zn, 0.0555± 0.0058 (n= 24)
B and 0.0016± 0.0002 (n= 17) Ni. These values can be
compared with estimates of the critical leaf concentra-
tions of these elements for sufﬁciency, deﬁned as the
concentration in a diagnostic leaf tissue that allows a
crop to achieve 90% of its potential yield, and toxicity,
deﬁned as the concentration in a diagnostic leaf tissue
above which potential yield is reduced by more than
10% (White and Brown 2010). It can be observed that
the standard functional leaf ionome calculated from the
studies described by White et al. (2017) lies within the
bounds of sufﬁciency and toxicity for all nutrients. The
standard functional leaf ionome is, therefore, represen-
tative of the leaves of the ‘average’ angiosperm when
plant growth is not limited by mineral nutrients and
can be used to facilitate comparisons of plant taxa and
environmental conditions.
Relationships between individual mineral
elements in the leaf ionome
Correlations exist between leaf concentrations of indi-
vidual nutrients among plant species when their growth
is not limited by mineral nutrition. The two relation-
ships most commonly observed are (1) an allometric
relationship between leaf P concentration and leaf N
concentration, with leaf N scaling either as the two-thirds
or three-quarters power of leaf P concentration in herba-
ceous plants (Fig. 1A; Garten 1976, Thompson et al.
1997, Sterner and Elser 2002, Broadley et al. 2004,
Wright et al. 2004, Kerkhoff et al. 2006, Niklas 2006,
Fyllas et al. 2009, Elser et al. 2010, Reich et al. 2010,
Veneklaas et al. 2012) and (2) linear relationships
between leaf Ca concentration and leaf Mg concen-
tration among speciﬁc groups of angiosperms (Fig. 1B,
C; Garten 1976, Thompson et al. 1997, Broadley
et al. 2004, Watanabe et al. 2007, Fyllas et al. 2009,
White 2012, White et al. 2015, 2018, Hao et al. 2014,
Verboom et al. 2017).
In the absence of ‘luxury’ N or P accumulation, the
organic-N:P concentrations of leaves often approximate
6:1 on a g N:g P basis (Fig. 1A; Broadley et al. 2004),
which is similar to the maximum critical organic-N:
critical P concentration ratio determined for a range of
crop species (Greenwood et al. 1980) and is consistent
with a protein:RNA ratio of about 15 (assuming ratios of
ester-P: nucleic acid P:lipid-P:inorganic-P of 1:2:1.3:1.4,
Veneklaas et al. 2012). Differences in foliar N:P ratios
of plants with balanced growth are generally related to
differences in leaf P concentrations, rather than leaf N
concentrations (Sterner and Elser 2002, Raven 2015).
Since growth rates of organisms are positively correlated
with rRNA abundance, greater foliar P concentrations
are generally associated with greater growth rates and,
through this, ecological strategy (Sterner and Elser 2002,
Niklas 2006, Raven 2015). In general, when plant growth
is limited by N supply foliar N/P quotients are <4–19,
whereas when plant growth is limited by P supply foliar
N/P quotients are >9–20 (Koerselman and Meuleman
1996, Güsewell 2004, Ostertag and DiManno 2016).
Optimal foliar N/P quotients vary with plant species,
growth rate and plant age (Güsewell 2004, Lambers
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Fig. 1. Correlations between (A) leaf phosphorus ([P]leaf) and leaf organic nitrogen concentrations ([organic N]leaf) among 166 angiosperm species and
leaf magnesium ([Mg]leaf) and leaf calcium ([Ca]leaf) concentrations in (B) commelinid monocots (green, 76 species), non-commelinid monocots (blue, 35
species) and (C) Caryophyllales (orange, 61 species) and other eudicots (black, 151 species). The regression lines in (B) and (C) are [Mg]leaf =1.09+ 0.25
[Ca]leaf for commelinid monocots, [Mg]leaf =1.40+0.11 [Ca]leaf for non-commelinoid monocots, [Mg]leaf =4.68+0.17 [Ca]leaf for Caryophyllales and
[Mg]leaf =2.17+0.10 [Ca]leaf for other eudicots. Data are mean values for individual species represented in the experiments described by White
et al. (2017) and listed in Table S1. The original data set included six basal angiosperms and magnoliids (grey) that are only plotted in (A) and three
non-commelinid species with [Ca]leaf >50mgg
−1 dry matter that are not plotted in (B).
et al. 2015, Ostertag and DiManno 2016, Verboom et al.
2017).
It has been argued that distinct linear relation-
ships between leaf Ca concentration and leaf Mg
concentration are exhibited by commelinid mono-
cots, non-commelinid monocots, eudicots excluding
Caryophyllales and Caryophyllales species (Fig. 1B, C;
White et al. 2018). The gradients of these relationships
appear to be determined by cell wall chemistry and
the Mg/Ca mass quotients in cell walls of the differ-
ent groups of species (White et al. 2018). Differences
in leaf Mg concentration and leaf Ca concentration
between species within each group can be attributed to
differences in the cation exchange capacity of their cell
walls (White and Broadley 2003, White et al. 2018). The
relatively large leaf Mg concentrations of Caryophyllales
species have been attributed to their ability to accumu-
late more Mg in their vacuoles than other species when
grown without a supra-sufﬁcient Mg supply (White et al.
2015). Strong correlations between leaf Ca concen-
trations and leaf strontium (Sr) concentrations are also
commonly observed among angiosperm species (White
2001, Watanabe et al. 2007, Broadley and White 2012),
whilst correlations between leaf Ca concentrations and
leaf barium (Ba) concentrations are sometimes, but not
always, weak (White 2001, Watanabe et al. 2007). Leaf
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concentrations of silicon (Si), which is designated as
a beneﬁcial element for plants, appear to be inversely
related to leaf concentrations of Ca and Mg among
angiosperms (Hodson et al. 2005). In general, leaf con-
centrations of Ca, Mg, Ba and Sr decrease, and leaf
Si concentrations increase, in the order commelinid
monocots, non-commelinid monocots and eudicots.
Strong positive correlations between leaf concen-
trations of mineral micronutrients also occur among
angiosperm species. For example, Broadley et al. (2001)
observed strong correlations between leaf Zn, Cu and
Ni concentrations among angiosperms, suggesting that
traits have evolved that impact on leaf concentrations of
all these elements simultaneously. In addition, Broadley
et al. (2001) observed that leaf Zn concentrations were
correlated with leaf cadmium (Cd) concentrations, leaf
Ni concentrations were correlated with leaf Cd and
chromium (Cr) concentrations, and leaf Cu concentra-
tions were correlated with leaf Cd, Cr and lead (Pb) con-
centrations. The elements Cd, Cr and Pb are not nutrients
and are potentially harmful to plants and other organisms
(White and Brown 2010, White et al. 2012a).
Effects of the environment on the
leaf ionome
The environment in which a plant grows can have a
profound effect on its ionome, by inﬂuencing (1) plant
growth and development and (2) the relative phytoavail-
ability of mineral elements, both directly and indirectly.
In addition to soils with innate mineral imbalances, soil
pH has a major effect on the phytoavailability of min-
eral nutrients and the ﬂora of a location (Crawley et al.
2005, Hejcman et al. 2010, 2014, Viani et al. 2014, Kidd
et al. 2017). Alkaline and calcareous soils reduce the
phytoavailability of P, Fe, Zn, Mn and Cu whilst acid soils
reduce the phytoavailability of P, Mo, Mg, Ca and K and
raise concentrations of aluminium (Al) and Mn, both of
which can be toxic to plants (White et al. 2013a, White
and Pongrac 2017). Plants have adapted to infertile soils
through efﬁcient nutrient acquisition or utilisation (Fage-
ria 2009, Veneklaas et al. 2012,White 2013,White et al.
2013a, 2013b, Hayes et al. 2014, Lambers et al. 2015,
Oliveira et al. 2015, Verboom et al. 2017) and to hos-
tile soils by excluding potentially toxic elements or by
developing greater tolerance to their presence in tissues
(Flowers et al. 2015, White 2016a, White and Pongrac
2017). Thus, signiﬁcant (phylo)genetic and environment
interactions occur among plant species in their abilities
to acquire and accumulate mineral elements, which are
driven by constant adaptation to their environment and
survival (White and Broadley 2003, Sardans et al. 2015,
White and Pongrac 2017).
Factors that affect soil structure or soil water con-
tent, such as drought, waterlogging or low temperatures,
inﬂuence the phytoavailability of mineral nutrients indi-
rectly. Both drought and low temperatures can reduce (1)
the uptake of nutrients from the soil, and plant growth
through plant nutrition, and (2) plant growth indepen-
dently of nutrient supply. The effects of these stresses on
the leaf ionome can be complex. For example, in cherry
tomatoes the effects of drought on the leaf ionome dif-
fers between cultivars (Sánchez-Rodríguez et al. 2010).
In ‘Kosako’ leaf concentrations of N, Cu, Mn, Zn, Cl and
B were reduced by drought, whereas in ‘Zarina’ leaf con-
centrations of many elements were increased and only
the concentrations of S andMnwere reduced. This obser-
vation implies that drought stress does not have a unique
ionomic ‘signature’.
In addition to affecting plant growth, development
and anatomy (Hawkesford et al. 2012, Broadley et al.
2012a, Baxter 2015), the lack of a particular mineral
nutrient often changes the concentrations of other
mineral elements as a consequence of reduced interac-
tions between elements for uptake by roots (White
2012), compensatory responses in the regulation
of non-selective acquisition and transport processes
(Hawkesford et al. 2012, Broadley et al. 2012a, Baxter
2015, Maillard et al. 2016), changes in metabolism
(Hermans et al. 2006, White 2012, 2016a), obligate
biochemical stoichiometries (Maillard et al. 2016), or
altered electrochemical or osmotic gradients (White
2013). In general, when growth is limited by a particular
nutrient, plants accumulate elements supplied in excess
of requirements (Sterner and Elser 2002, Hawkesford
et al. 2012, Broadley et al. 2012a, 2012b). The effects
of nutrient deﬁciencies on the ionomes of many plant
species have been documented (Sorreano 2006, Baxter
et al. 2008, Parent et al. 2013b, Tomasi et al. 2014,
Pii et al. 2015, Watanabe et al. 2015, Maillard et al.
2016, Campos et al. 2017). It has been proposed that
alterations in the ionome might be used to diagnose
particular physiological conditions, such as mineral
deﬁciencies, much more accurately than assays of single
elements (Baxter et al. 2008, Parent et al. 2013a, 2013b,
Pii et al. 2015, Campos et al. 2017), but it has yet to
be proven that the ionomes of all angiosperms respond
similarly to nutrient deﬁciencies. In the native Brazilian
plant Cariniana legalis (Mart.) Kuntze (Lecythidaceae),
the consequences of deﬁciencies of individual mineral
nutrients on the shoot ionome are quite distinct (Fig. 2;
Sorreano 2006). Magnesium deﬁciency reduced shoot
concentrations of Fe, B and Ca and increased shoot Mo
concentration (Fig. 2A). Similarly, Ca deﬁciency reduced
shoot concentrations of Fe and B and increased shoot
Mo, K and S concentrations (Fig. 2A) and K deﬁciency
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Fig. 2. The effects of mineral deﬁciencies on the functional ionome of shoots of the native Brazilian plant Cariniana legalis (Mart.) Kuntze
(Lecythidaceae). Data are scaled to the means of three biological replicates obtained in nutrient replete conditions, which were: Boron (B) 58.4 μgg−1
DM, calcium (Ca) 24.1 mg g-1 DM, copper (Cu) 2.35 μgg−1 DM, iron (Fe) 426 μg g−1 DM, potassium (K) 18.9 mgg−1 DM, magnesium (Mg) 4.67mgg−1
DM, manganese (Mn) 38.7 μgg−1 DM, molybdenum (Mo) 1.15 μg g−1 DM, phosphorus (P) 4.57mgg−1 DM, sulphur (S) 2.90mgg−1 DM and zinc
(Zn) 23.8 μgg−1 DM. The shoot concentration of nitrogen was 22.7 mgg−1 DM in nutrient replete conditions. Red and purple outlines indicate the
concentrations of mineral nutrients obtained when the individual nutrients indicated were insufﬁcient for plant growth. Black outlines represent
differences of two standard errors from the mean value for each element obtained when plants were grown in nutrient replete conditions. Shoot
concentrations of mineral elements were calculated from the data presented by Sorreano (2006).
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reduced shoot concentrations of Fe, B, Cu and Zn
and increased shoot Mo, Mg, P and S concentrations
(Fig. 2B). Zinc deﬁciency had a profound effect on the
shoot ionome, increasing concentrations of Ca, Cu,
Mn, Mo, P, B and S and reducing Fe concentration
(Fig. 2C). Similarly, Cu deﬁciency increased shoot con-
centrations of Zn, Mo, P, B and S and decreased shoot
Fe concentration, whilst Mn deﬁciency increased shoot
concentrations of Zn, Cu, Mo, B and S and decreased
shoot Fe and Ca concentrations (Fig. 2D). Iron deﬁ-
ciency had less of an effect on the ionome, increasing
shoot concentrations of Cu and Mn and reducing shoot
concentrations of Ca, Mg, B and P (Fig. 2C). In gen-
eral, anion deﬁciencies had less impact on the shoot
ionome than cation deﬁciencies. Phosphorus deﬁciency
resulted in reduced concentrations of B, Zn and Fe,
whereas S deﬁciency resulted in a reduced shoot B
concentration and increased Mn and Mo concentrations
(Fig. 2E). The effects of N, B and Mo deﬁciencies on the
shoot ionome were not studied in the experiments of
Sorreano (2006).
Phylogenetic effects on the leaf ionome
In general, plant species from the same family grown
in the same environment have similar leaf ionomes,
whereas those of different families and orders are distinct
(Broadley et al. 2004, White et al. 2012b). Furthermore,
despite the effects of environment on the leaf ionome,
strong phylogenetic effects on the mineral composition
of plant species can still be observed even in exten-
sive ﬁeld surveys (Garten 1978, Thompson et al. 1997,
Kerkhoff et al. 2006, Watanabe et al. 2007, Fyllas et al.
2009, Metali et al. 2012, Zhang et al. 2012, Cornwell
et al. 2014, Hao et al. 2014, Viani et al. 2014, Sardans
et al. 2015, He et al. 2016, Verboom et al. 2017), surveys
of plots receiving contrasting fertilisation, such as the
Rothamsted Park Grass Experiment (White et al. 2012b),
and pot experiments with contrasting soils (Viani et al.
2011, Quintero-Vallejo et al. 2015). For example, the
leaves of Poales are characterised by relatively small
Ca, Mg and B concentrations, leaves of Brassicales are
characterised by relatively large Ca, Zn and S concen-
trations, and leaves of Caryophyllales are characterised
by relatively large Mg, Zn and Na concentrations (Fig. 1;
Broadley et al. 2003, 2004, Osaki et al. 2003,Willey and
Wilkins 2006,Watanabe et al. 2007,White et al. 2012b,
2015, 2017, He et al. 2016, Verboom et al. 2017). The
most informative elements for discrimination between
plant families or orders are generally Ca and Mg and
the least informative N and P (White et al. 2012b, Parent
et al. 2013a, 2013b). Similarly, when the genetic varia-
tion in element concentrations in leaves of angiosperm
species is partitioned into a taxonomic hierarchy, it is
often observed that the proportion of variation in leaf
mineral concentration assigned to the order level and
above is greater for Al, Ca, Mg and Si than for N and
P (Thompson et al. 1997, Broadley et al. 2004, Hodson
et al. 2005, Watanabe et al. 2007, Fyllas et al. 2009),
which suggests that leaf concentrations of structural ele-
ments, such as Ca, Mg and Si, were inﬂuenced greatly
by ancient evolutionary processes, whereas the con-
centrations of elements involved in metabolism, such
as N and P, were subject to more recent evolutionary
pressures.
Many studies have indicated differences between
angiosperm orders in their leaf ionomes (Broadley et al.
2001, 2003, 2004, Osaki et al. 2003,Willey and Fawcett
2005, Willey and Wilkins 2006, Watanabe et al. 2007,
White et al. 2012b, 2015, 2017). The evolution of
differences in leaf concentrations of individual ele-
ments between plant species can be traced using phy-
logenetic relationships among angiosperm orders, fam-
ilies, genera and ecotypes (White et al. 2015, 2017,
White 2016a, White and Pongrac 2017). Early stud-
ies indicated that commelinid monocots had smaller
leaf Ca concentrations than other angiosperm species
(Broadley et al. 2003, White et al. 2015). Consistent
with these observations, the data set compiled from the
experiments described by White et al. (2017) suggest
that this trait is not present in the basal angiosperms
or magnoliids [Fig. 3; Mean± SE, n species: Piperales
14.63± 9.01mg Ca g−1 dry matter (DM), n=2; Lau-
rales 7.56± 2.52mg Ca g−1 DM, n= 2; Magnoliales
14.75± 0.15mg Ca g−1 DM, n= 2] and that species from
the earliest non-commelinid monocot orders to diverge,
the Alismatales and Dioscoreales, exhibit conspicuously
large leaf Ca concentrations (Fig. 4). The mean leaf Ca
concentrations of families in the Liliales (12.84mg Ca
g−1 DM) and Asparagales (13.38mg Ca g−1 DM) orders
were less than those of other non-commelinid monocot
orders and comparable to the mean leaf Ca concen-
trations of the basal angiosperms and magnoliids and
to the commelinid monocot orders Arecales, Commeli-
nales and Zingiberales (Fig. 4). Furthermore, the mean
leaf Ca concentrations in all these clades were similar to
that of the single species sampled from the Bromeliaceae,
the earliest family to diverge within the Poales (Fig. 4).
Indeed, small leaf Ca concentrations were only apparent
in the Cyperaceae, Juncaceae and Poaceae, suggesting
that the trait evolved within the Poales (Fig. 4). Since the
trait is correlated to cell wall cation exchange capacity,
which is largely determined by pectins, it was suggested
that it was a consequence of the evolutionary shift from
the type I cell walls of eudicots, in which the microﬁbrils
are tethered together by xyloglucans and this framework
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Fig. 3. Representation of the average ionomes of leaves of angiosperm orders calculated using data from the experiments described by White et al.
(2017) as the mean value for each mineral nutrient of the species sampled in an order. The colour coding (yellow= small, orange= intermediate,
red= large) is based on scaling the concentrations for each element across the orders sampled to have a mean of 0 and a SD of 1. Values coded yellow
are less than −0.05 SD from the mean and values coded red are greater than 2.5 SD from the mean. Original data are presented in Table S1.
is embedded in a gel of pectins, to the type II walls of Poa-
les, in which microﬁbrils are tethered with sugars such as
glucuronoarabinoxylan and contain less xyloglucan and
pectin (White and Broadley 2003). Commelinid mono-
cots also have smaller leaf Mg concentrations than other
angiosperms and this has been attributed to the same
structural origin (Fig. 1; White et al. 2018). By contrast,
members of the Caryophyllales order generally have
larger leaf Mg concentrations than other angiosperm
species (White et al. 2015). This trait does not appear
in any other superasterid order, but was present in all
the Caryophyllales families studied, suggesting that it
arose in an ancient ancestor of all the Caryophyllales
families (White et al. 2015). Members of the Brassicales
order are characterised by relatively large leaf Ca and S
concentrations (Fig. 3). Large leaf S concentrations were
exhibited by species in all the Brassicales genera studied,
with the exception of Cardamine (Fig. 5), and by one of
the two Malvales species studied, but not by any of the
three Myrtales or Geraniales species studied, suggesting
that the trait arose when the Brassicales and Malvales
separated from other malvid orders. The ability of Bras-
sicales species to accumulate S has been attributed to
their unique ability to synthesise glucosinolates (Ernst
1998). This ability is shared by most Brassicales genera,
including Cardamine, but it is not present in Malvales or
Sapindales species (Ronse de Craene and Haston 2006,
Olsen et al. 2016).
The hyperaccumulation of mineral elements has
been studied extensively (Reeves 2006, Broadley et al.
2007, Krämer 2010, Van der Ent et al. 2013, Cappa and
Pilon-Smits 2014, White 2016a, White and Pongrac
2017). Hyperaccumulation has been deﬁned as a con-
centration of a mineral element in shoot DM of a plant
sampled from its natural environment greater than a set
threshold concentration. Threshold concentrations for
classifying hyperaccumulation are: 10 mg g−1 DM for
Mn, 3 mg g−1 DM for Zn, 1 mg g−1 DM for Ni, Pb and
Se, 0.3 mg g−1 DM for Co, Cr and Cu and 0.1 mg g−1
DM for Cd (White 2016a, White and Pongrac 2017).
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Fig. 4. Phylogenetic relationships between eight monocot orders according to the angiosperm phylogeny group (APG IV 2016). Mean leaf calcium
concentrations of families within each order are expressed as means ± SD from the number of species stated. Data for individual species are mean
values from the experiments described by White et al. (2017). Original data are presented in Table S1.
These values are greater than the concentrations that
would be toxic to most plants (White and Pongrac 2017).
The trait of hyperaccumulation is rare and occurs in less
than 0.2% of all angiosperm species (Broadley et al.
2001, Reeves 2006, Krämer 2010, Van der Ent et al.
2013, Cappa and Pilon-Smits 2014, White 2016a, Lange
et al. 2017, White and Pongrac 2017). The occurrence
of Ni hyperaccumulation among angiosperms (400–450
species; 42 families) appears to be more frequent than
that of Se hyperaccumulation (44 species; 6 families),
Cu hyperaccumulation (30–35 species; 22 families), Co
hyperaccumulation (25–30 species; 12 families), Mn
hyperaccumulation (12–26 species; 6–9 families) or
Zn hyperaccumulation (12–20 species; 4–6 families).
The occurrence of Pb hyperaccumulation (14 species; 7
families), Cr-hyperaccumulation (11 species; 7 families)
or Cd hyperaccumulation (2–7 species; <5 families) is
relatively infrequent.
Although the ability to hyperaccumulate a particu-
lar mineral element evolved independently in many
angiosperm clades, it is particularly prevalent in the
Malpighiales, Brassicales, Asterales and Lamiales (White
and Pongrac 2017). This has facilitated comparative stud-
ies on the physiology and evolution of the hyperac-
cumulation of mineral elements. The traits of Ni, Zn
and Cd hyperaccumulation have been studied inten-
sively in the Brassicaceae and it is believed that these
traits evolved independently several times within this
family. One evolutionary origin of both Ni hyperaccu-
mulation and Zn hyperaccumulation occurs at the base
of the Raparia/Noccaea clade and it has been specu-
lated that Zn hyperaccumulation might be a modiﬁca-
tion of the Ni hyperaccumulation trait, but species that
hyperaccumulate Zn do not always hyperaccumulate Ni
(Broadley et al. 2007, Krämer 2010, Koch and German
2013). Similarly, Cd hyperaccumulation often occurs in
Brassicaceae exhibiting Zn hyperaccumulation, such as
Noccaea spp. and Arabidopsis halleri, though not in
all populations of these species (Krämer 2010, Koch
and German 2013, Sterckeman et al. 2017). By con-
trast, the ability to hyperaccumulate Cu or Co is most
frequently observed in the Lamiales (Lange et al. 2017,
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Fig. 5. Phylogenetic relationships, based on evolutionary time (Kumar et al. 2017) between eight genera of the Brassicales order, including species in
the Cleomaceae and Brassicaceae families. The Cleomaceae and Brassicaceae are estimated to have diverged 46MYA.Mean leaf sulphur concentrations
of the Cochlearea and Brassica genera are expressed as means ± SE of three and four species, respectively. Other genera are represented by single
species. Data for each species are mean values from the experiments described by White et al. (2017). Original data are presented in Table S1.
White and Pongrac 2017). Most species that hyperac-
cumulate Cu or Co have been found in the Katangan
Copperbelt (D.R. Congo), where natural Cu/Co outcrops
occur, and many of these species have been shown to
hyperaccumulate both Cu and Co (Lange et al. 2017).
The multiple incidences of the evolution of Se hyper-
accumulation among eudicots (Cappa and Pilon-Smits
2014,White 2016a), and in species within the Astragalus
[Fabaceae] (White 2016a) and Stanleya [Brassicaceae]
(Cappa et al. 2015) genera, have led to an explanation
of the evolution of this trait, from the acquisition of
tissue Se-tolerance and the colonisation of an environ-
mental niche to the beneﬁts of Se-hyperaccumulation in
defence against herbivores, alleviation of oxidative stress
and allelopathy (El Mehdawi and Pilon-Smits 2012, Schi-
avon and Pilon-Smits 2017).
The incidence of Al hyperaccumulation, deﬁned as a
shoot Al concentration exceeding 2.3–3.9 mg g−1 DM
in a tropical ﬂora and 1.1 mg g−1 DM in a temperate
ﬂora, is far greater among angiosperms (19% species sur-
veyed) than hyperaccumulation of the mineral elements
described above (Metali et al. 2012). Since Al hyperac-
cumulation is more prevalent in non-ﬂowering plants
(45% of species surveyed) than angiosperms, it has been
suggested that this trait evolved early in the evolution of
land plants and might be a primitive trait required for sur-
vival in ancient Al-rich environments (Jansen et al. 2002,
Metali et al. 2012). There is considerable phylogenetic
variation in leaf Al concentration, which occurs predom-
inantly at the level of the family and above (Watanabe
et al. 2007).
The abnormal accumulation of other elements, which
is often associated with biomineralisation, has also
been reported (He et al. 2014). For example, regionally
dominant gypsophile species can have leaf S concen-
trations of 10–80mg g−1 DM when growing on gypsum
substrates where most non-endemic (gypsovag) species
contain leaf S concentrations <1–5 mg g−1 DM (Ernst
1998, Escudero et al. 2015, Reid et al. 2016, Muller
et al. 2017). Although this trait is likely to be most
advantageous on gypsum-rich soils, the ability of plants
to accumulate S by precipitating calcium or magnesium
sulfate is not restricted to gypsophile species and some
of their gypsovag relatives also exhibit the trait (Reid
et al. 2016, Muller et al. 2017). In addition to Brassicales
species, the phylogenetic inheritance of a constitutively
large leaf S concentration is evident within the Acacia
[Fabaceae], Anulocaulis [Nyctaginaceae, Caryphyllales]
and Tiquilia [Boraginaceae] genera (Reid et al. 2016,
Muller et al. 2017).
Recently, the hyperaccumulation of Na, deﬁned as
an abnormally large shoot Na concentration in excess
of 4 mg g−1 DM when grown in a non-saline environ-
ment, has been reported in some Caryophyllales species
(White et al. 2017). Mapping this trait onto phylogenetic
relationships between Caryophyllales families, and
between subfamilies within the Amaranthaceae family,
indicated that this trait evolved several times within the
order. It evolved in an ancestor of the Aizoaceae, but
not the Phytolaccaceae or Nyctaginaceae, in ancestors
of several lineages formerly classiﬁed as Chenopodi-
aceae, but not in the Amaranthaceae sensu stricto,
and in ancestors of species within the Cactaceae,
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Portulacaceae, Plumbaginaceae, Tamaricaceae and
Polygonaceae (White et al. 2017).
Conclusions and perspective
Variation in the leaf ionome among plant species can
have consequences for ecology, mineral cycling in
the environment, strategies for the phytoremediation
of contaminated land, sustainable agriculture and the
nutrition of livestock and humans. In this paper, a ‘stan-
dard functional leaf ionome’ has been deﬁned, which
comprises the concentrations of 14 mineral nutrients in
leaves of the ‘average’ angiosperm when plant growth
is not limited by mineral nutrients. This can be used to
facilitate comparisons of the effects of both environment
and genetics on the leaf ionome. The environment exerts
a signiﬁcant effect on the leaf ionome by inﬂuencing
both the growth and development of plants and the
phytoavailability of mineral elements in the soil. Inter-
actions between mineral elements occur in their uptake
by roots, regulation of their concentrations in tissues
and cellular compartments through non-selective trans-
port processes, common metabolic pathways, obligate
biochemical stoichiometries and their effects on electro-
chemical or osmotic gradients. These interactions might
be characteristic of particular abiotic stresses and, there-
fore, the leaf ionome could have diagnostic potential for
such stresses. Nevertheless, strong (phylo)genetic effects
on the leaf ionome can be observed, even when plants
are sampled from many contrasting environments. The
evolution of differences in leaf concentrations of Mg,
Ca and S, as well as the hyperaccumulation of some
mineral elements, has been traced using phylogenetic
relationships among angiosperm orders, families and
genera. The ease of acquiring omic data sets, includ-
ing ionomic data sets, from angiosperm species will
facilitate greater understanding of the molecular biol-
ogy, genetics, ecological signiﬁcance and evolution of
ionomic phenotypes in plants. This knowledge might be
used to develop appropriate land management practices
for enhancing biodiversity, select plants for the phytore-
mediation of contaminated land, or develop nutritious
crops requiring less fertiliser or yielding more on
marginal soils.
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